acids were analyzed. Results showed that: (1) stem height, diameter and biomass for both species were similar between controls and fall fertilization treatments; (2) compared to controls, fall fertilization increased Chinese pine needle and root N by 17.7% and 36.9%, respectively. For Prince Rupprecht's larch, fall fertilization resulted in 26.3% and 34.54% more N in stem and roots, respectively, than controls; (3) the three main amino acids in control and fertilization treatments in Prince Rupprecht's larch seedlings were glutamine, arginine and proline, and in Chinese pine seedlings were glutamine, arginine and γ-amino butyric acid; (4) total amino acid contents were not significantly increased by fall fertilization, but glutamine in Chinese pine and Prince Rupprecht's larch increased by 64.2% and 35.2%, respectively. Aboveground biomass of Prince Rupprecht's larch had higher proline contents than Chinese pine, which suggests that the stress resistance of the aboveground tissue may be higher for Prince Rupprecht's larch. The results indicate that different plant organs with various response are well adapted to nitrogen loading for nutrient storage in evergreen and deciduous conifer seedlings.
Introduction
When seedlings are transplanted from the nursery to the planting site, their physiological activities have not fully recovered from the move. The ability of roots to obtain soil nutrients is initially low and growth depends on stored nutrients that are transferred to new buds, leaves, roots and reproductive organs (Grossnickle 2005) . During nursery Abstract Nutrient loading in the fall is a practical way to improve seedling quality and has been proven to increase nutrient accumulation, translocation and utilization. Few studies have reported on the variation in free amino acids as a result of fall fertilization, especially for different seasonal needle habits (evergreen, deciduous). Therefore, a balanced two-factor factorial design with one fall fertilization treatment (10 mg N/seedling) and Chinese pine (Pinus tabulaeformis Carr.) and Prince Rupprecht's larch (Larix principis-rupprechtii Mayr.) seedlings was used to examine growth response over one nursery season. Associated changes between fall fertilization, N storage and free amino production, fall fertilization is a practical technique to supply nutrients during the hardening-off stage that occurs at the end of the growing season. These nutrients are "loaded" to promote post-planting retranslocation and frost resistance (Oliet et al. 2013) . Therefore, the objective of fall fertilization is to increase nutrient reserves that foster additional growth in the following spring (Villar-Salvador et al. 2015) . This procedure has been used to combat nutrient deficiencies in seedlings of Douglas-(Mirb.) Franco (Birchler et al. 2001) , red pine (Pinus resinosa Ait.) (Islam et al. 2009 ) and Chinese cork oak (Quercus variabilis Blume) (Wang et al. 2016) .
Nitrogen (N) is a chemical element that limits seedling growth in northern coniferous forests (Rennenberg et al. 2009 ). Seedling growth may be stimulated with the addition of a nitrogen substrate. Nitrogen reserves are often diluted during the fall when biomass accumulation in juvenile trees continues in the absence of regular fertilization, thus generating the necessity for fall N fertilization (Oliet et al. 2011; Wei et al. 2014) . Several studies have shown that foliage is the major N sink in evergreen seedlings at the end of growing season (Van den Driessche 1985; Millard and Grelet 2010) , while for deciduous conifer seedlings, stems and roots are the main nutrient storage organs. Although nutrient translocation from old leaves may occur, fall fertilization is still an effective way to improve N levels of stems and roots (Zhu et al. 2013) .
In the process of leaf aging during autumn, functional proteins in senescing leaves are broken down into small molecules of amino acids which further form amino acid compounds that are transported to the xylem of roots and stems where vegetative storage proteins (Stepien et al. 1994 ) are synthesized. There are no seasonal concentrations in deciduous leaves of evergreen species, and leaves often become organs for storing N (Millard and Proe 1992) . Leaves of evergreen species in the spring are "sources" of stored N to new tissues. Thus, unlike deciduous tree species, leaves of evergreen species make an important impact in the circulation of N within the plant. Therefore, as N carrier substances, amino acids may be different between evergreen and deciduous species at the end of the growing season.
Research into N metabolism is a unique way to explain the physiological status of seedlings. Some researchers have found that during the hardening-off phase, N was mainly stored as protein, amino acid, ammonium N, nitrate N and other metabolites in seedlings. Among the amino acids, arginine was found to be the main form of stored N during dormancy in poplar (Rennenberg et al. 2010 ). In the next spring, some proteins broke down into glutamic acid, aspartic acid and other amino acids and were transported to new buds, leaves, and roots and used to synthesize endogenous proteins for tissue growth Lee et al. 2014) . While research on amino acid composition in seedlings has received attention, it is unclear how fall fertilization with N affects seedling quality and if these N additions have an effect on storage proteins. From the response of various amino acids in seedlings to N fluctuation, it is helpful to understand the process of N storage and utilization to reveal the physiological basis of fall fertilization.
Prince Rupprecht's larch (Larix principis-rupprechtii Mayr.) and Chinese pine (Pinus tabulaeformis Carr.) are representative deciduous and evergreen species in northern China and widely used for afforestation because of their rapid growth rates and high-quality timber (Wu and Nioh 1997) . However, their planting regions are often exposed to environmental stresses (Wu and Feng 1994) . Nutrient loading has been shown to promote nutrient reserves (Wang et al. 2015) , increase stress resistance and improve out-planting performance (Oliet et al. 2013) . Moreover, deciduous conifer and evergreen seedlings have different nutrient storage strategies (Zhu et al. 2013; Villar-Salvador et al. 2015) . Therefore, to determine which amino acids are involved in N recycling and storage will help improve understanding of the benefits of nutrient loading for afforestation. The objectives of this study were to: (1) examine N uptake characteristics of coniferous seedlings with different seasonal needle habits (evergreen, deciduous) after fall fertilization; and, (2) investigate the effects of fall fertilization on amino acid levels in different organs of coniferous seedlings. To achieve these objectives, a 15 N-labeling experiment was carried out using deciduous and evergreen coniferous species to trace the quantity of applied nitrogen for reserves and the types of amino acid presents.
Materials and methods

Plant material and cultural conditions
Chinese pine and Prince Rupprecht's larch seeds were obtained from Qigou Forest Farm seed orchards and Mulan Weichang, respectively. The seeds were soaked for 24 h in running water at room temperature. For each species, 784 seeds (16 trays × 49 containers) were sown and raised in a greenhouse at the Chinese Academy of Forestry in Beijing under natural light and day: night temperatures of 26 °C and 14 °C. The containers were filled with a 3:1 (v:v) peat: perlite mixture and watered twice a week. Three weeks after sowing, the seedlings were thinned to one per container.
Pre-hardening nitrogen fertilization continued for 16 weeks using irrigation water with soluble fertilizer: 20 N (3.2 NH 4 + ; 5.3 NO 3 − ; 11.5 urea): 20 P (P 2 O 5 ): 20 K (K 2 O): 0.05 Mg, 0.0125 B, 0.0125 Cu, 0.05 Fe, 0.025 Mn, 0.005 Mo, 0.025 Zn (Everris NA Inc, Dublin, OH, USA). The supply rates were applied following the exponential function weekly (Wang et al. 2015) with a total of 25 mg N seedling −1 (Zhu et al. 2013 ). To minimize edge effects, the containers were rotated biweekly within trays.
Two weeks after the pre-hardening fertilization ended, fall fertilization started when most seedlings had formed terminal buds. For each species, 10 mg N seedling −1 were applied in four replications, with N as 15 NH 4 15 NO 3 and enriched to 10.2 atom% (Shanghai, China). Applications were evenly split and applied for 4 weeks. To minimize the amount of leaching, seedlings were irrigated less than the container capacity.
Plant sampling and analysis
Ten seedlings were randomly sampled from each replication (40 per treatment) for both species to evaluate growth, nutrient storage, and amino acid levels. Seedlings were rinsed in deionized water and root collar diameter (RCD) and height measured, and partitioned into needles, stems and roots. Half of the seedlings (five per replication per species) were oven-dried at 65 °C to constant mass (approximately 72 h) and weighed. The five seedlings within each fertilized-replication combination were then bulked and ground for each organ (root, stem, needles). The 15 N analysis and total N determination in each sample were conducted at the China Agricultural University, Beijing.
Another five seedlings were separated into needles, stems, and roots, and immediately frozen in liquid N 2 and stored at − 80 °C for analyses. Each tissue sample was ground in liquid N 2 and free amino acids were extracted with 300 μl of acetonitrile and 300 μl of deionized water from 150 mg of homogenized frozen tissue powder. For this process, the mixture underwent ultrasonic extraction for 1 h; the extract was centrifuged at 13,200 r/min for 10 min at 4 °C. The supernatant was measured by the HPLC-MS method (Hu et al. 2013 ). Amino acid content was determined by BEH Amide, 1.7 mu M, 100 × 2.1 mm column (liquid phase model UltiMate 3000, Thermo Scientific™ production; mass spectrometry model is Q Exactive™ production).
Statistical analysis
Data were analyzed using SPSS 18.0 software (SPSS ® , Chicago, IL, USA). Two-factor analysis of variance (ANOVA) was used to analyze the effects of species (deciduous larch or evergreen pine) and fall fertilization (10 mg N) and their interactions. For each analysis, the means among species/treatment were compared by the method of Duncan multiple range test at the 0.05 level.
Results
Seedling growth
Fall fertilization did not significantly affect stem height, RCD (root collar diameter) or organ biomass of either species while the growth between species was significantly different. Larch seedlings were significantly taller than the pines (11.0 ± 0.4 cm vs. 5.6 ± 0.1 cm) (p < 0.05). Under the same cultivation conditions, pine biomass was three times that of larch. Biomass allocation also differed markedly, with larch biomass concentrated in stems and roots pine biomass primarily in needles and roots (Fig. 1) .
Proportion of N in organs
With the exception of pine stems, N concentration, N content and 15 N contents of all organs in fertilized seedlings of both species were significantly higher than those of the controls ( Fig. 2A-C) . Fall fertilization increased the N concentration in pine needles and roots by 17.7% and 36.9%, respectively. Nitrogen concentrations were highest in needles, followed by roots and stems. However, N contents of needles and roots were not significantly different, whether in controls or in 10 mg N treated seedlings, but accounted for 85% of the total N content, significantly higher than that of stems. Pine seedlings allocated most of the assimilated 15 N to needles and roots.
For larch, fall fertilization increased N levels in stems and roots by 26.3% and 34.54%, respectively, compared to the controls (Fig. 2) . The 15 N contents of the stems and roots in fertilized seedlings were highly enriched: 10.8 and 12.3 times greater, respectively.
Significant species × seedling organ interactions were observed for N contents and 15 N contents (p < 0.001, data However, pine needles and roots exhibited greater N and 15 N contents than larch. Both species allocated higher amounts of assimilated 15 N to roots, with lower amounts allocated to pine needles and larch stems.
Storage of amino acids
The majority of amino acids in Chinese pine were translocated as glutamine (Gln), arginine (Arg) and γ-amino butyric acid (GABA), accounting for 61.3% and 70.5% of free amino acids, respectively, in the controls and fertilized seedlings. The main free amino acids stored in larch seedlings were Gln, Arg and proline (Pro), accounting for 59.9% of amino acids in the controls and 60.8% of those in the fertilized seedlings (Table 1 ). The total amino acid content in both fertilized species was slightly higher compared with the controls, but there were no significant differences. The contents of the four amino acids (Arg, GABA, Gln and Pro) were significantly influenced by species, organ and species × fertilization interaction. Only glutamine levels were affected by fall fertilization. GABA, by contrast, was significantly different in species and organs except for fertilized species. Compared with the control seedlings, fall fertilization increased the Gln content in pine and larch by 35.2% and 64.2%, respectively. The tissue Gln levels in both species were similar to the patterns of their N contents (data not shown), but the average value of Gln in Chinese pine was three times greater than in the larch seedlings (Table 2) .
For larch seedlings, Gln levels in the stems were significantly higher than in the roots, but the total 15 N enrichment of Arg in the stems and roots exceeded those of Gln (Table 3) . For pine seedlings, the 15 N enrichment of the main amino acids were found in the order roots > needles > stems. Roots were significantly enriched with 15 N in Arg, accounting for 55.3% of the total Arg enrichment in the seedlings. Except for Pro, Chinese pine seedlings allocated more 15 N-labeled Arg, GABA and Gln than larch.
Discussion
Effects of fall fertilization on growth
Fall fertilization did not affect the morphology and biomass of pine and larch seedlings. Boivin et al. (2002) reported that fertilization in the autumn was beneficial for biomass accumulation during the hardening-off period. However, other studies have indicated that autumn fertilization had Boivin et al. 2004; Islam et al. 2009 ). Pine seedling mass was mainly comprised of needles and roots, with less biomass allocated to stems which is similar to the stem or root biomass of larch (Fig. 1) . Although larch seedlings lost some needle biomass when sampled, the ratio of aboveground biomass to underground biomass was close to 1. For evergreen Chinese pine, this ratio was also nearly 1. Therefore, regardless of fall fertilization, aboveground and underground biomass distribution of the two species is equal. Unlike these coniferous species, most of the biomass of Chinese cork oak (Quercus variabilis Blume) seedlings fertilized in the autumn was concentrated in the roots at the end of the growing season (Wang et al. 2016) , while most poplar biomass was concentrated in stems (Zhao et al. 2017 ). Both leaf habits and seedling root characteristics are key factors in biomass distribution.
Effects of fall fertilization on N distribution
Different patterns of biomass allocation were reflected in the species-specific pattern of N content (Fig. 2B and E) . Nitrogen fertilization in the autumn increased N contents significantly in both species, but in pine seedlings total N was 64.9% greater than that of larch. This difference can be attributed to needle seasonality and ecology of the species.
Additionally, 15 N allocation to Chinese pine roots was significantly higher than to other organs. Likewise, larch seedlings allocated newly acquired 15 N more to roots ( Fig. 2C and F) . Needles, especially juvenile needles, are the main N storage sites for evergreen species (Nambiar and Fife 1991; Villar-Salvador et al. 2015) . This study has shown that both the roots and needles are important organs of Chinese pine seedlings for nitrogen reserves at the end of the growing season.
Effects of fall fertilization on amino acid levels
Although several studies have reported on the nutrient effects of fall fertilization, this study reports, for the first time, the responses of amino acids concurrently in deciduous and evergreen coniferous seedlings. The results indicate that fall-applied 10 mg N per seedling had no effect on the total contents of amino acids and amides, while glutamine was significantly increased in pine and larch seedlings ( Table 2 ). In the present study, the three main amino acids in larch were glutamine, arginine and proline, and in Chinese pine seedlings, glutamine, arginine and γ-amino butyric acid. In addition, for each species fertilized, the contents of the three main amino acids accounted for more than 60% of their total amino acid content.
Arginine was the predominant component of storage proteins in Acer pseudoplatanus L. (Millard and Proe 1991) , Populus x canescens (Aiton) Sm. (Rennenberg et al. 2010) , and Amygdalus spp. (Munoz et al. 1993 ), but glutamine was the predominant N form on the Prunus avium L. (Grassi et al. 2002) , Picea abies (L.) Karst. (Weber et al. 1998) , and Vitis vinifera L. (Peuke 2000) sap during remobilization. In this study, both glutamine and arginine were the predominant forms of amino N compounds in the two species. Glutamic acid can be directly transformed into a-ketoglutarate and oxaloacetic acid, intermediate products of the plant tricarboxylic acid cycle (Hu and Sun 2010) , so as to provide sufficient adenosine triphosphate quickly when plants need energy. The occurrence of abundant glutamine at the end of the growing season, a common amino acid during N retranslocation, indicates that fall fertilization allows seedling root systems to still have very active nutrient transfer.
Proline is considered to be a cryoprotectant, preventing the freezing of tissues in many plant species (Krasensky and Jonak 2012) . In larch, the content of proline was slightly lower than glutamine and arginine, and higher in stems than in roots. Further, the aboveground biomass of Prince Rupprecht's larch had higher proline levels than Chinese pine. This suggests that the resistance of aboveground biomass to freezing was higher for larch, as proline is an oxygen free radical scavenger which improves plant resistance to extremely low temperatures (Alia et al. 1995) .
Conclusions
Because of the diverse seasonal needle habits (evergreen, deciduous), there were obvious differences in the allocation of biomass and nitrogen among different organs between pine and larch seedlings at the end of the first growing season. The main nitrogen storage organs of Chinese pine were roots and needles, whereas nitrogen was evenly allocated in roots and stems of Prince Rupprecht's larch. Although the total amino acid contents were not significantly increased by fall fertilization, the higher glutamine levels after fall fertilization may improve the performance of out-planted seedlings of these two species. 1.85 ± 0.36 ab 0.17 ± 0.05 a 0.08 ± 0.13 a 0.11 ± 0.05 a
